Signals emitted from the prospective dorsal marginal zone (the organizer) are thought to specify neuroectodetmal cell fates along the anteroposterior (AP) axis, but the mechanisms underlying this signaling event remain to be elucidated. To assess the effect of Xenopus Dishevelled (Xdsh), a proposed component of the Wnt, Notch and Frizzled signal transduction pathways, on AP axis determination, it was supplied in varying doses to presumptive ectodermal cells. Two-fold increments in levels of microinjected Xdsh mRNA revealed a gradual shift in cell fates along the AP axis. Lower doses of Xdsh mRNA activated anterior neuroectodermal markers, XAGl and Xotx2, whereas the higher doses induced more posterior neural tissue markers such as En2, Krox20 and HoxB9. At the highest dose of Xdsh mRNA, explants contained maximal amount of HoxB9 transcripts and developed notochord and somites. When compared with Xdsh, XwntS mRNA also activated anterior neuroectodermal markers, but failed to elicit mesoderm formation. Analysis of explants overexpressing Xdsh at the gastrula stage revealed activation of several organizer-specific genes which have been implicated in determination of neural tissue (Xotx2, noggin, chordin and follistatin). Whereas Goosecoid, Xliml and Xwnt8 were not induced in these explants, another early marginal zone marker, Xbra, was activated at the highest level of Xdsh mRNA. These observations suggest that the effects of Xdsh on AP axis specification may be mediated by combinatorial action of several early patterning genes. Increasing levels of Xdsh mRNA activate posterior markers, whereas increasing amounts of the organizer stimulate the extent of anterior development (Stewart, R.M. and Gerhart, J.C. (1990) Development 109, 363-372). These findings argue against induction of the entire organizer by Xdsh in ectodetmal cells and implicate signal transduction pathways involving Xdsh in AP axis determination. Thus, different levels of a single molecule, Xdsh, can specify distinct cell states along the AP axis. 0 1997 Elsevier Science Ireland Ltd. All rights reserved
Introduction
Embryonic pattern is often thought to be established by a gradient of a morphogen, which is defined as a factor evoking concentration-dependent multiple threshold responses and inducing distinct cell states (Slack, 1991) . A gradient of Bicoid, a maternal homeobox-containing protein, has been shown to specify different cell states in the anterior part of the Drosophila embryo (Driever and Ni.isslein-Volhard, 1988) . Dorsoventral pattern in Drosophila is regulated by a gradient of nuclear localization of Dorsal, a NFKb homolog (Roth et al., 1989 In vertebrate embryos, the evidence for existence and function of morphogen gradients is limiting. Treatment of Xenopus animal pole cells with varying concentrations of activin leads to induction of mesoderm with different dorsoventral character (Smith et al., 1988; Green and Smith, 1990; Gurdon et al., 1994) . Likewise, ventral injections of different amounts of Goosecoid mRNA alters mesodermal cell fates along the dorsoventral axis (Niehrs et al., 1994) . Although models for anteroposterior (AP) patterning in vertebrates usually include morphogen gradients as well (Hamburger, 1988; Slack, 1991) , molecules responsible for induction and maintenance of these gradients remain to be identified.
Vertebrate neural tissue is regionalized from anterior to posterior into forebrain, midbrain, hindbrain and spinal cord. In amphibian embryos, AP axis is established in the neuroectoderm during gastrulation by signals from the dorsal marginal zone also known as the organizer (reviewed by Hamburger, 1988; Gerhart et al., 1991; Slack and Tannahill, 1992; Doniach, 1993) . Organizer is defined operationally as a special population of cells in the early gastrula capable of inducing a secondary body axis upon transplantation to the ventral side of the recipient embryo. Although the amount of the organizer was shown to correlate with the extent of anterior axial development (Stewart and Gerhart, 1990; Gerhart et al., 1991) , it is not yet clear how the organizer activity creates AP pattern in the prospective neuroectoderm.
Early work suggested that neural patterning involves two steps: initial specification of anterior neural cell fates (neuralization or 'activation') followed by the progressive re-specification to the appropriate AP level (posteriorization or 'transformation'; Nieuwkoop, 1952; EyalGiladi, 1954) . In 1955, Toivonen and Sax& demonstrated that AP patterning in the newt ectoderm could be closely mimicked by a mixture of two heterogeneous inducers. Whereas one inducer elicited forebrain differentiation, the other stimulated formation of mesoderm and posterior neural tissue. Upon combination of the two inducers, distinct intermediate neural tissues formed along the AP axis (Toivonen and Saxen, 1955) . These observations led to a hypothesis that the AP axis is specified by gradients of two morphogens, each mediating one of the two sequential steps of neural tissue formation.
Even though the organizer was subdivided by H. Spemann into head and trunk/tail organizers with different inducing properties (Spemann, 1938; Hamburger, 1988) , the molecular heterogeneity of the organizer has begun to be uncovered only in the last few years with identification of a number of molecular markers (Vodicka and Gerhart, 1995) . Recent studies identified three candidate neural inducing factors that are localized in the organizer region of Xenopus embryos: noggin (Smith and Harland, 1992; Lamb et al., 1993) , follistatin and chordin (Sasai et al., 1994; Sasai et al., 1995) . Overexpression of each of the gene products in ectodermal explants triggers differentiation of anterior neural tissue (Lamb et al., 1993; Sasai et al., 1995) . Although these findings provide some molecular insights into how neural induction occurs, they do not clarify how organizer-derived signals confer positional information onto prospective neuroectodem, i.e. how neural tissue is patterned along, the AP axis. To explain how posterior cell fates are specified, additional signaling factors have been implicated. Both retinoic acid (Durston et al., 1989) , and fibroblast growth factor (FGF) (Cox and Hemmati-Brivanlou, 1995; Lamb and Harland, 1995) have been proposed to co-operate with these neural inducing factors to further convert presumptive anterior neural tissue to the more posterior neural cell fates.
Another pathway that may operate during neural tissue determination in vertebrates involves signaling by Wnts. Several Wnt products are known to be expressed in the developing nervous system and to be essential for proper development of different AP regions of the CNS (see McMahon, 1992 for review). We have shown recently that overexpression of the Xenopus homologue of dishevelled (Xdsh), a potential component of the Wnt signaling pathway (Klingensmith et al., 1994; Perrimon, 1994; Theisen et al., 1994) , triggers neural tissue formation in Xenopcls ectodermal explants . Moreover, microinjection of mRNA encoding GSK3/3, a proposed negative regulator of the Wnt pathway (Perrimon, 1994) , induces an ectopic cement gland, the most anterior ectodermal derivative Pierce and Kimelman, 1996) . Together, these findings suggest that Wnt and/or Xdsh signaling may be involved in AP patterning of neural tissue.
In this study we analyze the response of animal cap explants to varying doses of Xdsh RNA using different AP position-specific neuroectodermal and mesodermal markers. Our results show that a single molecule (Xdsh) can specify a complete spectrum of AP cell fates in neuroectoderm. Analysis of early molecular markers at gastrulation suggests that Xdsh affects AP pattern by selective transcriptional activation of known inducing and patterning signals.
Results

Morphological changes in animal caps overexpressing Xdsh mRNA
We recently described activation of neural tissue markers in animal caps overexpressing Xdsh . To determine whether animal caps respond differently to varying levels of Xdsh, graded doses of in vitro synthesized Xdsh mRNA (0.15, 0.3, 0.6, 1.25 and 2.5 ng) were injected into both blastomeres at the two cell stage, and animal caps were explanted at the midblastula stage for further culture. Special care was taken to ensure that animal caps were isolated no later than stages 8-8.5 to eliminate previously observed synergy between Wnt signaling and endogenous mesoderm inducing signals (Sokol, 1993) .
At gastrula stages, the animal caps injected with 0.15-0.6 ng of Xdsh healed into spherical balls and did not show any further change in shape (Fig. 1A) . The animal caps with 1.25 ng of Xdsh mRNA elongated slightly (Fig. 1 B) , but those injected with the highest amount (2.5 ng) of Xdsh RNA underwent vigorous morphogenetic movements (Fig. 1C) . In contrast, animal caps injected with 2.5 ng of control EFla RNA or Xdsh mRNA with a frameshift mutation did not elongate and data not shown) . These results demonstrate that Xdsh elicits animal cap elongation in a dose-dependent manner. At later stages, explants injected with a lower dose of Xdsh RNA (0.6 ng) formed cement glands. Histological analysis at stages 39-40 confirmed that both cement gland and neural structures formed in these explants in the apparent absence of mesodermal tissues such as muscle or notochord ( Fig. 2A) . In contrast, the explants injected with the highest Xdsh dose (2.5 ng) contained muscle and notochord in addition to neural structures, but no obvious cement glands (Fig. 2B ). Control explants (Fig. 2C ) or explants injected with 0.15 ng of Xdsh mRNA (data not shown) developed into atypical epidermis. These results indicate that Xdsh has a dose-dependent effect on the character of the induced tissues.
Xdsh elicits regional specijcation of the CNS along the AP axis in a dose-dependent manner
Histological analysis does not usually permit the evaluation of the anteroposterior character of neural tissue that was induced in animal caps containing Xdsh mRNA. To answer this question, we studied the expression of regionspecific neuroectodermal markers at the time when corresponding control embryos reached stage 25 (tailbud).
Northern analysis (Fig. 3) revealed that anterior markers, XAGl (Sive et al., 1989) and Xotx2 (Lamb et al., 1993; Blitz and Cho, 1995; Pannese et al., 1995) , were activated in explants injected with lower doses of Xdsh RNA (0.3-0.6 ng) and were suppressed at the higher levels of Xdsh (2.5 ng, Fig. 3 ). Low levels of Xotx2 transcripts were expressed in uninjected animal caps (Fig. 3 ) and in animal caps injected with 0.15 ng of Xdsh mRNA (data not shown). Pan-neural markers, NCAM (Kintner and Melton, 1987) and XIF3 (Sharpe et al., 1989) were activated at higher doses (0.6-2.5 ng), and their expression was consistently reduced at the highest dose (2.5 ng, Fig. 3 ). In contrast, activation of muscle-specific actin transcripts f; ( Dworkin-Rastl et al., 1986) was detected mainly at higher doses of Xdsh RNA (1.25-2.5 ng, Fig. 3 ), with the maximal levels at the highest dose (Fig. 3) .
To detect less abundant regional neural tissue markers, we used RT-PCR (Fig. 4) . Transcripts for engrailed 2 (en2), a mid-hind brain boundary marker (Hemmati-Brivanlou et al., 1991) were induced in explants microinjetted with intermediate doses of Xdsh RNA (0.6-1.25 ng), while the expression of Krox20, a hindbrain marker (Bradley et al., 1992) was activated at higher doses (I.25 2.5 ng). Maximal expression of HoxB9, a spinal cord marker (also known as XlHbox6; Wright et al., 1990) was always observed at the highest dose of Xdsh RNA (2.5 ng). Consistent with Northern analysis, the expression of muscle actin required higher levels of Xdsh RNA, than the transcriptional activation of NCAM (Fig. 4 ). Taken together, these results indicate that two-fold increments in the amount of Xdsh mRNA in animal caps cause a gradual posteriorization of neuroectodermal cell fates.
Xwnt8 activates neural markers but does not induce muscle
Since Dishevelled is a necessary component of the Wingless/Wnt signal transduction (Perrimon, 1994) , our observations on the effects of Xdsh implicate Wnt signaling in establishing AP pattern in the neural tissue. To directly compare the effects of Xwnt8 on ectoderm development with those of Xdsh, serial five-fold dilutions of Xwnt8 mRNA ranging from 0.2 pg to 625 pg were examined for inducing activity. These dilutions were chosen for analysis, because the effects of Xwnt8 mRNA at these doses were comparable to the effects of Xdsh mRNA. Xwnt8 mRNA is known to induce a secondary body axis at much lower concentrations than Xdsh (Sokol et al., 1991; . At doses higher than 625 pg, Xwnt8 mRNA caused cell dissociation (data not shown).
Consistent with previous studies (Christian et al., 1992; Sokol and Melton, 1992; Sokol, 1993) , Xwnt8-injected ectodermal explants did not reveal significant changes in their shape or any signs of cement gland formation (data not shown). Unexpectedly, Northern blot analysis revealed activation of Xotx2 and XAGl markers at extremely low doses of Xwnt8 RNA (0.2-l pg, Fig. 3 ). These markers were suppressed at intermediate doses of Xwnt8 RNA and, in turn, NCAM and XIF3 were activated (Fig. 3) . The neural markers were again suppressed at the higher concentrations of Xwnt8 RNA. The profiles of neuroectoderma1 markers induced by Xwnt8 were similar to those induced by Xdsh, although the expression levels in Xwnt8-injected explants were generally lower than those in the Xdsh-injected caps. Furthermore, in contrast to Xdsh-injected caps, muscle actin was not activated even at the highest concentrations of Xwnt8 tested (Fig. 3) .
Hence, Xwnt8 failed to fully mimic the effects of Xdsh on ectodermal explants, suggesting that the activation of Xdsh does not solely reflect Wnt-mediated signaling but requires other signaling factors.
Xdsh
Xwnt8
. Different doses of Xdsh or Xwnt8 RNA specify different neuroectodermal cell fates along the AP axis. Northern blotting was performed from animal cap explants injected with different doses of Xdsh RNA and Xwnt8 RNA. Total RNA from ten animal caps or two embryos for each lane was isolated when control embryos reached stage 25. NCAM and XIF3 are pan neural markers. XAGl is a cement gland marker. Xotx2 is an anterior brain marker. Muscle development is reflected by the expression of muscle actin. The muscle actin probe cross-reacts with the upper two weak bands which represent cytoskeletal actins. EFlor serves as a loading control.
Xdsh activates the expression of several genes that may be involved in establishing AP pattern at the gastrula stages
The ability of Xdsh to specify neuroectodermal cell fates in a concentration-dependent manner raises the question of whether Xdsh directly affects AP pattern, or whether it functions by activating early expression of organizer-specific neural inducing factors which then secondarily specify distinct cell fates along the AP axis. To answer this question, we carried out Northern and RT-PCR analysis of early marginal zone markers in injected animal caps at gastrulation (stages 10.5-l 1, Fig. 5 ).
Neural inducing factors chordin, noggin and follistatin (Lamb et al., 1993; Sasai et al., 1995) were all activated by Xdsh in a relatively wide range of doses (Fig. 5A,B) . Nodal-related gene XnD, which is expressed in the superficial layer of the organizer (Smith et al., 1995) was induced by Xdsh in a dose-dependent manner (Fig. 5A ). Higher doses of Xdsh RNA activated transcription of Xbra (Smith et al., 1991) and eFGF (Isaacs et al., 1992) which are expressed in the marginal zone (see Fig. 5A , and data not shown). Lower doses of Xdsh RNA induced Xotx2, which is an organizer-specific marker at this stage (Blitz and Cho, 1995; Pannese et al., 1995) . Although at late stages, Xotx2 expression was restricted only to the lower doses of Xdsh (Fig. 3) , at early stages Xotx2 transcripts were detected in a wide range of Xdsh mRNA (Fig. 5A) . The dorsal marginal zone markers goosecoid (Blumberg et al., 1991) and Xliml (Taira et al., 1992) and ventrolateral marginal zone marker Xwnt8 (Christian et al., 1991) were not activated at any dose of Xdsh RNA ( Fig. 5A; data not shown) .
Induction of the marginal zone markers indicated that specification of AP pattern by Xdsh may occur prior to gastrulation.
To evaluate whether Xdsh can activate these markers if expressed after midblastula transition, Xdsh was delivered in pCS2 vector (Turner and Weintraub, 1994) . Injections of the Xdsh plasmid failed to trigger morphogenetic movements or cement gland formation in animal caps at any of the tested doses (data not shown), suggesting that Xdsh has to act early to modulate AP patterning. Interestingly, dorsal injection of higher doses of Xdsh plasmid (0.5-l ng) resulted in head defects (data not shown), thus mimicking Xwnt8 plasmid injections (Christian and Moon, 1993) .
Our results indicate that progressive determination of the AP axis in the embryo involves activation of several early patterning genes by a relatively wide range of doses of Xdsh RNA. The combined action of the gene products triggered by Xdsh may establish the initial differences between cells. The small differences between distinct cell states would be amplified and refined at later stages by secondary cell-cell interactions (e.g. see Green et al., 1994; Symes et al., 1994; Wilson and Melton, 1994) . 
Discussion
Different doses of Xdsh alone can specifjl entire APpatterning of the CNS
In this study we show that two-fold increments in the dose of Xdsh RNA can specify several distinct cell states along the AP-axis of the CNS. The results of several independent experiments are summarized in Fig. 6 . Anterior markers, XAGl and Xotx2, are induced at low doses of Xdsh. As the dose of Xdsh increases, more posterior neural tissue markers, en2 (mid-hind brain boundary marker), Krox20 (hindbrain marker) and HoxB9 (spinal cord marker) are activated. Our results suggest that graded Xdsh activity is sufficient by itself to specify the full extent of AP pattern in presumptive ectodetm. Interestingly, at 0.15-0.3 ng of Xdsh n-RNA, activation of Xotx2, a forebrain marker, is observed in the absence of NCAM and XIF3 transcription (Figs. 3 and 6 ). Assuming that Xdshmediated pattern formation reflects AP patterning in the embryo, we hypothesize that the establishment of the AP axis proceeds in three steps: induction of anterior neuroectodermal cell fate (XAGl, Xotx2) in the absence of NCAM and XIF3 expression, induction of NCAM-expressing neural tissue and induction of posterior mesoderm and posterior neural tissue. Specification of the most posterior neural fates (as defined by HoxB9 expression) tightly correlates with formation of mesoderm in animal caps overexpressing Xdsh. Both mesoderm development and HoxB9 expression are triggered at the highest doses of Xdsh RNA (Figs 2-4 and Fig. 6 ). In the early studies, in which AP pattern was generated by a combination of two heterogeneous inducers, the mesoderm inducing factor was also able to posteriorize neural tissue (Toivonen and Saxen, 1955) . Interestingly, posterior neural plate which normally contributes to both spinal cord and posterior mesoderm (Hamburger, 1988; Woodland and Jones, 1988) was also shown to posteriorize neural tissue (Holtfreter, 1934; Cox and Hemmati-Brivanlou, 1995) . Furthermore, FGF which is known to induce mesoderm in blastula animal caps (see Slack, 1991 for review) was reported to have posteriorizing properties in the gastrula ectoderm (Cox and HemmatiBrivanlou, 1995; Kengaku and Okamoto, 1995; Lamb and Harland, 1995) . Together, these observations reinforce the notion that presumptive mesoderm specifies the posterior character of the neuroectoderm.
Early models for neural tissue formation implicate at least two signals in AP patterning (Nieuwkoop, 1952; Eyal-Giladi, 1954; Toivonen and Sax&, 1955) . Recent data on co-operation between neural inducing factors and FGF in establishing AP pattern are consistent with these models. Whereas only anterior neural tissue is induced in gastrula ectoderm by noggin or follistatin, hindbrain and spinal cord markers are activated when FGF is added to these neural inducing factors (Cox and HemmatiBrivanlou, 1995; Lamb and Harland, 1995) . Similarly, Xwnt3a was reported to have posteriorizing effects in animal caps treated with noggin or follistatin (McGrew et al., 1995) . In contrast, our results suggest that a gradient of a single molecule is sufficient to establish all positional values in the neuroectodem along the future AP axis.
This initial patterning signal may activate secondaty inductive interactions that specify regional cell fates and further refine the AP axis.
The effect of Xdsh may be mediated by early patterning genes localized in the organizer region
Lower doses of Xdsh RNA activate transcription of Xotx2 at the gastrula stages (Fig. 5A) . Interestingly, overexpression of Xotx2 in early Xenopus embryos leads to induction of ectopic cement glands (Blitz and Cho, 1995; Pannese et al., 1995) . Furthermore, mice lacking the 0tx2 gene have severe fore/midbrain deficiencies, supporting the role for 0tx2 in anterior development (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) . In combination with these findings, our studies suggest that at low doses, Xdsh specifies anterior cell fates by activating early expression of Xotx2.
At high doses, Xdsh RNA leads to induction of Xbra (Fig. 5A) , a transcription factor which is essential for mesoderm formation and which has been shown to stimulate the expression of eFGF (Isaacs et al., 1994) . In agreement with these observations, we found that at higher doses Xdsh stimulated transcription of eFGF (data not shown). Consistent with the posteriorizing activity of FGF (reviewed by Doniach, 1995) , we propose that activation of posterior neural tissue markers (Krox20 and HoxB9) in Xdsh-overexpressing animal caps is due to early activation of Xbra and eFGF.
Another factor induced at high doses of Xdsh is Xnr3 which is capable of triggering morphogenetic cell movements (Smith et al., 1995) . Xnr3 is normally expressed in the superficial organizer cells (Smith et al., 1995) which are known to induce posterior mesoderm and neural tissues upon transplantation (Shih and Keller, 1992) . Thus, Xnr3 may, in part, mediate the observed effects of Xdsh on cell movements and on posterior development.
Our data show that Xdsh activates transcription of the neural inducing factors noggin, follistatin and chordin (Fig. 5) , suggesting that they may also mediate the observed Xdsh effect on AP patterning. These signaling factors can only induce anterior neural tissue, yet the corresponding transcripts are activated in a broad range of Xdsh RNA concentrations (Fig. 5) . Likewise, at the gastrula stages, Xotx2 transcripts are induced by a wide range of Xdsh mRNA (Fig. 5A) , even though at later stages the expression of Xotx2 is activated only by the lower doses of Xdsh (Fig. 3) . Thus, embryonic cells do not show sharp thresholds in response to different doses of Xdsh at early stages. In order to generate a complete spectrum of AP fates, neural inducers are likely to synergize with additional factors affecting pattern formation, e.g. Xbra and Xotx2. This situation is somewhat analogous to induction of mesoderm-specific genes in animal cap cells by a broad range of activin concentrations at early stages, even though the same cells reveal sharp threshold responses at later stages (Green et al., 1994; Symes et al., 1994; Wilson and Melton, 1994) . In agreement with the conclusions of these studies, we believe that the effects of Xdsh on regional neural tissue markers are mediated by early activation of several patterning genes localized in the organizer region. Their subsequent interactions lead to refinement and progressive determination of the AP axis in the embryo.
Xdsh signaling for AP axis specification is distinct from that for dorsoventral axis specification
Different components of the Wnt signaling pathway, including several Wnts, Dishevelled, /3-catenin and dominant negative GSK3/3, have been shown to induce complete secondary body axes in injected embryos (Sokol et al., 1991; Dominguez et al., 1995; Funayama et al., 1995; He et al., 1995; Pierce and Kimelman, 1995; . Furthermore, embryos from which maternal P-catenin transcripts were depleted by antisense techniques lack dorsal structures (Heasman et al., 1994) . Together, these studies support the idea that Wnt signaling is essential for dorso-ventral axis determination in Xenopus embryos.
The results of this study allow us to propose that Xdsh also functions in the specification of AP axis in vertebrates. This hypothesis is supported by recent experiments demonstrating that overexpression of Xwnt3a posteriorizes ectodermal explants treated with noggin or follistatin (McGrew et al., 1995) , and that Wnt3a -/ -mice have deficiencies in posterior development (Takada et al., 1994) .
Our data show that higher doses of Xdsh RNA posteriorize neural cell fates in animal caps (Figs 3 and 4) . In contrast, injection of higher doses of Xdsh RNA into ventral blastomeres stimulates formation of the most anterior structures (cement gland, eyes, forebrain) in the induced secondary body axis, whereas lower doses induce only trunk and tail . We believe that the outcome of Xdsh overexpression depends on the site of injection, and that the response of ventral marginal zone cells and the response of animal cap cells to Xdsh are qualitatively different. Thus, the effects of Xdsh on dorsoventral axis determination appear to be quite distinct from its effects on AP patterning.
AP patterning mediated by Xdsh also differs from patterning of animal caps stimulated by activin, a potent mesodern-inducing factor which is likely to affect neuroectodermal specification via induction of mesoderm (Smith et al., 1988; Sokol et al., 1990) . Progressively more anterior neuroectodermal markers, including forebrain, eyes and cement glands, are induced by increasing concentrations of activin, whereas induction of anterior markers occurs most efficiently at the lower doses of Xdsh.
Recent studies showed that the organizer represents a heterogeneous cell population (Shih and Keller, 1992; Smith et al., 1995; Vodicka and Gerhart, 1995) . Since certain organizer-specific genes (goosecoid and Xliml) are not activated at any tested dose of Xdsh mRNA, the Xdsh effects on AP pattern are not likely to be mediated by induction of the Spemann organizer as a whole. The decrease in the amount of the organizer is known to lead to the loss of anterior structures (Stewart and Gerhart, 1990; Gerhart et al., 1991) . In contrast, decreasing Xdsh levels results in the activation of anterior neuroectodermal markers, arguing against the induction of the entire organizer by Xdsh. Selective activation of organizer markers by Xdsh suggests that discrete organizer domains may be generated by different molecular mechanisms and provides a starting point for dissection of the functional heterogeneity of the organizer.
Wnts may cooperate with other signaling factors to activate Xdsh during AP axis speci@ation
Since Dishevelled is required for Wingless signal transduction in Drosophila embryos (Perrimon, 1994) , Wnt signaling may be responsible for progressive stepwise determination of cell fates. In support of this idea, different concentrations of Wingless have been shown to specify two different cell fates such as copper cells and large flat cells in DrosophiZa midgut (Hoppler and Bienz, 1995) . To test the possibility that Xdsh effects are due to Wnt signaling, we compared the effects of microinjected Xdsh and Xwnt8 mRNAs in animal caps.
Low doses of both mRNAs activate anterior ectodermal markers Xotx2 and XAG 1, whereas higher doses suppress the anterior markers, but induce the expression of NCAM and XIF3 (Fig. 3) . Induction of neuroectodermal markers by Xwnt8 was not reported previously and suggests that the inductive potentials of Xwnt8 and Xdsh are very similar. However, in contrast to Xdsh, Xwnt8 RNA did not form cement gland at lower doses nor activated musclespecific actin transcripts even at the highest dose tested (Fig. 3 ). These differences are quite surprising because axis-inducing properties of Xwnt8 and Xdsh RNAs injected into the ventral blastomeres are virtually indistinguishable (Sokol et al., 1991; . Xdsh may transduce signals from non-Wnt ligands (Axelrod et al., 1996) , that may account for its ability to trigger cement gland and muscle actin formation. Alternatively, failure of Xwnt8 to induce muscle actin in animal caps even at the highest dose may be due to a negative feedback loop in the signal transduction pathway from a Wnt to Dishevelled or due to a limiting number of the Wnt receptor molecules on the cell surface.
Although Xwnt8 alone does not induce muscle in animal caps that are excised at the midblastula stage, it cooperates with mesoderm inducing factors, such as FGF or activin, in dorsal mesoderm induction (Christian et al., 1992; Sokol and Melton, 1992; Sokol, 1993) . In the present study, we show that Xdsh mRNA on its own can trigger elongation and mesoderm formation in blastula animal caps. These results suggest that Xdsh may transduce signals other than Wnts. In support of this view, Dishevelled was recently reported to function downstream offrizzled signaling pathway (Krasnow et al., 1995) and to physically interact with Notch (Axelrod et al., 1996) . Furthermore, shaggylGSK3/3, another component of the Wg/Wnt signaling pathway, is know to participate in transduction of Notch signals (Rue1 et al., 1993) . In addition to Wnt signaling, these interactions could mediate the Xdsh effects on AP patterning of the neural tissue.
Does Xdsh activity represent a morphogen gradient in embryos?
Our results suggest that a gradient of Xdsh activity in the Spemann organizer may be sufficient to specify AP axis in the embryo. Xdsh RNA was reported to be ubiquitously expressed in Xenopus blastulae . Our wholemount in situ hybridization also failed to demonstrate any localization of Xdsh transcripts at the early gastrula stage (data not shown), whereas the localization of Xdsh protein is unknown. In Drosophila, Dsh is also ubiquitously expressed (Klingensmith et al., 1994) and has been also shown to be hyperphosphorylated in response to Wg, suggesting that its activity may be regulated at posttranslational level (Yanagawa et al., 1995) . One possible scenario is that a gradient of Xdsh activity is established by gradients of signaling factors, e.g. FGFs and Wnts. Several members of the Wnt and FGF families are expressed in the marginal zone (Christian et al., 1991; Ku and Melton, 1993) and in the posterior region (Isaacs et al., 1992; Song and Slack, 1994) of Xenopus gastrulae and neurulae. Further studies of biochemical mechanisms underlying signal transduction by Xdsh are necessary to understand how anteroposterior axis is established.
Materials and methods
Xenopus eggs and embryos
Eggs were obtained from Xenopus females injected with 600 units of human chorionic gonadotropin as described (Newport and Kirschner, 1982) . Eggs were fertilized in vitro and cultured in 0.1 x MMR (Newport and Kirschner, 1982) . Embryonic stages were determined according to Nieuwkoop and Faber (1967) .
RNA synthesis, microinjections and explant culture
Capped synthetic RNAs were generated as described (Krieg and Melton, 1984) by in vitro transcription of a plasmid containing the entire coding sequence of Xdsh or Xwnt8 (Christian et al., 1991; Sokol et al., 1991) , using Megascript RNA transcription system (Ambion). Serial two-fold dilutions of Xdsh RNA ranging from 1.25 ng to 0.08 ng and serial five-fold dilutions of Xwnt8 RNA (312 pg to 0.1 pg) each in 10 nl of the RNase-free water were prepared for microinjections. Two-cell embryos were transferred to 3% Ficoll in 0.5 x MMR and both blastomeres were injected in the animal pole region with 10 nl of RNA solution. Ectoderma1 explants constituting about one fifth of the size of the embryo, were excised at the midblastula stage (stage 8-8.5) and cultured in 0.6 x MMR as described (Sokol, 1993) . Total RNA was extracted from cultured explants for Northern and for RT-PCR analysis, when control embryos reached stage 10.5-l 1 or stage 25. For histological examination, explants were cultured until stage 39-40.
Northern blotting and RT-PCR analysis
Total RNA was prepared from explants and embryos as described . For Northern analysis, RNA was separated in a 1% formaldehyde-agarose gel using standard techniques (Sambrook et al., 1989) . RNA from ten animal caps or two embryos was loaded per lane. RNA was transferred to a GeneScreen nylon membrane (DuPont) with 20 x SSPE and was sequentially hybridized with radiolabeled DNA or RNA probes (Sambrook et al., 1989) . Antisense RNA probes were prepared by in vitro transcription from plasmids containing NCAM (Kintner and Melton, 1987), Xotx2 (Pannese et al., 1995) . XIF3 (Sharpe et al., 1989) , muscle actin (Dworkin-Rastl et al., 1986) , fibronectin (Krieg and Melton, 1985) , goosecoid (Blumberg et al., 1991) , Xwnt8 (Christian et al., 1991) , Xliml (Taira et al., 1992) and EFlo (Krieg et al., 1989) using 3'P-UTP and SP6, T3 or T7 RNA polymerase. DNA probes from XAGl (Sive et al., 1989) , Xbra (Smith et al., 1991) , Xnr3 (Smith et al., 1995) and chordin (Sasai et al., 1994) were radiolabeled with 32P-dCTP by Klenow enzyme using random hexamer primers (Sambrook et al., 1989) . After each hybridization cycle, the probe was stripped by boiling in distilled water. In each figure, the same membrane was used for hybridization with all probes, except for Xotx2 and goosecoid in Fig. 5 , in which a membrane from a different experiment was used. Equal loading was controlled by the EFla and fibronectin antisense probe (Figs 3, and 5, and data not shown).
For RT-PCR, total RNA from six animal caps or one embryo was precipitated with an equal volume of 8 M LiCl and re-precipitated with ethanol. The RNA pellet was dissolved in water and treated with RNase-free DNase for 30 min at 37°C followed by phenol/chloroform treatment and ethanol precipitation. Reverse transcription was performed using oligo-dT and MMLV reverse transcriptase (Gibco-BRL) in a 20 ~1 reaction as described (Wilson and Melton, 1994) for 1 h at 37°C. Each reaction contained sufficient cDNA templates for lo-12 sets of PCR. The oligonucleotide PCR primers used to detect EFlcv (Krieg et al., 1989) , Krox20 (Bradley et al., 1992) , muscle actin (Stutz and Spohr, 1986), HoxB9 (or Xlhbox6; Wright et al., 1990) , noggin, follistatin and FGF receptor (Musci et al., 1990) were as described Lemaire and Gurdon, 1994) . Primers for NCAM (Kintner and Melton, 1987) were:
5'-CACAGTTCCAGCAAATAC-3' (upstream) and 5'-CGGAATCAGGCGGTACAG-3' (downstream). Primers for /3-tubulin (Richter et al., 1988) were: 5'-ACTGCCATGTTCCGTCGC-3' (upstream) and 5'-CTG-AGCAAATGCTCTAGC-3'(downstream), Primers for Engrailed 2 (Hemmati-Brivanlou et al., 1991) were: 5'-CCTTCATCAGGTCCGAGATC-3' (upstream) and 5'-CGTCCTTTGAAGTGGTCGCG-3' (downstream). The conditions for PCR were as follows: 94°C for 4 min, 25 cycles of 93°C for 1 min, 55°C for 1.5 min and 72°C for 1 min, and then 72°C for 4 min. For EFla and muscle actin cDNAs, 21 cycles were used instead of 25 cycles.
All reported results were repeated in at least three to five independent experiments.
Histology
Animal cap explants were fixed in MEMFA for 1 h (Hemmati-Brivanlou and Hat-land, 1989 ) when control embryos reached stage 39-40. The fixed explants were dehydrated with ethanol and xylene and embedded in paraffin. Serial sections were cut 8 pm thick and stained with hematoxilin/eosin. Lamb, T.M. and Harland, R.M. (1995) Fibroblast growth factor is a direct neural inducer, which combined with noggin generates anterior-posterior neural pattern. Development 121, 3627-3636. Lamb, T.M., Knecht, A.K., Smith, W.C., Stachel, S.E., Economides, A.N., Stahl, N.. Yancopolous, G.D. and Harland, R.M. (1993) Neural induction by the secreted polypeptide noggin. Science 262, 713-718. Lemaire, P. and Gurdon, J.B. (1994) A role for cytoplasmic determinants in mesoderm patterning: cell-autonomous activation of the goosecoid and Xwnl-8 genes along the dorsoventral axis of early Xenopus embryos. Development 120, 1191-1199. Matsuo. I., Kuratani, S., Kimura, C., Takeda, N. and Aizawa, S. (1995) Mouse Otx2 functions in the formation and patterning of rostra1 head. Genes Dev. 9, 2646-2658.
